Abstract. The thermo-mechanical behavior of energy piles has been studied extensively in recent years. In the present study, a numerical model was adapted to study the effect of various parameters (e.g. heating/cooling temperature, head loading condition and soil stiffness) on the thermo-mechanical behavior of an energy pile installed in unsaturated sandstone. The results from the simulations were compared with measurements from a thermal response test on a prototype energy pile installed beneath a 1-story building at the US Air Force Academy (USAFA) in Colorado Springs, CO. A good agreement was achieved between the results obtained from the prototype and the numerical models. A parametric evaluation were also carried out which indicated the significance of the stiffness of the unsaturated sandstone and pile's head loading condition on stress-strain response of the energy pile during heating/cooling cycles.
Introduction
In recent years, reinforced concrete piles have been widely used as geothermal heat exchangers to access the relatively constant temperature of the ground for efficient heating and cooling of buildings [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Deformation in energy piles is a complex process due to interaction between soil and pile and the effects of temperature change on the thermal expansion and contraction of the pile and surrounding subsurface. Deformations in this case may occur due to initial mechanical loading associated with construction of the overlying building, and thermo-elastic expansion and contraction of the reinforced concrete during heating and cooling, as well as settlement or heave of the surrounding subsurface.
Reviewing the literature, it was found that some aspects of soil-pile behavior have gained less attention than their actual impact in energy piles. Considering the fact that a pile foundation may be subjected to different vertical loads, it is essential to consider the effect of overlying structures on thermo-mechanical response of an energy pile. Additionally, strength properties of soil surrounding the pile seems to have an influence on lateral and axial deformations [17] [18] [19] [20] [21] . This study seeks to examine these two aspects by means of a 2D finite difference analysis to predict the deformation behavior of an energy pile during thermo-mechanical loading. First, the model was validated based on the results from a series of comprehensive full-scale in-situ tests, investigating the behavior of eight energy piles installed beneath a one-story building at the US Air Force Academy (USAFA) in Colorado Springs, CO. Pile deformations were then evaluated at different temperatures during active heating and ambient cooling. Finally, a parametric study was carried out to examine the effects of different head conditions and surrounding soil strength characteristics followed by a discussion on obtained results.
Case study energy pile

Pile description and instrumentation
The case pile is an energy pile with a circular section of diameter, D, of 0.61 m and length, L, of 15.6 m which was selected from an energy pile testing research project at the Field Engineering and Readiness Laboratory (FERL) of the US Air Force Academy (USAFA), Colorado Springs, CO (Pile 4 in Fig. 1 ). This pile was part of a supporting system of eight drilled shaft energy piles which were used to support a one-story building. The Young's modulus and coefficient of thermal expansion of the foundation were reported to be 30 GPa and 13 /°C respectively [12] .
The soil profile of the site together with the geometry of the pile, and embedded instrumentation are presented in Figure 2 . As presented in this figure, the top layer of the soil system consists of a layer of medium dense, sandy fill with silt and gravel, having Different instrumentation was incorporated into the energy pile to investigate the axial strain and stress behavior of the piles during thermo-mechanical loading. Distribution of axial strain of the pile with depth was measured using a set of twelve Geokon Model 4200 vibrating wire strain gauges (VWSGs) (Fig. 2) . A series of ten Geokon model 3810 thermistor strings were also used for monitoring temperature variations in the soil surrounding the energy pile. Different cycles of heating and cooling were imposed to the foundation using a heating system consisting of a series of loops of HDPE heat exchanger tubing with an average diameter of 20 mm attached to the inside part of the reinforcing cages of the foundations, and a heating unit to heat and circulate a 20 % propylene glycol-water mixture through the heat exchanger loops. More details about the heating system are presented in [16] .
The thermal loading process included an initial heating of the foundation for approximately 498 hours, after which fluid circulation in the foundation was stopped and the cooling process began for almost 700-1200 hours. During the heating and cooling cycles, thermo-mechanical behavior of the foundation was obtained for times corresponding to foundation temperature average changes of 6 °C. The profiles of foundation temperature are presented in Figure 3 . As shown in this figure, variations in temperature with depth is relatively constant, except for depths below 11 m, where slight changes in the temperature were observed with depth. 
Numerical model description
A finite difference method was adopted to simulate an axisymmetric model for energy pile analysis during subsequent cycles of heating and cooling, using the finite difference code FLAC 2D version 4. The finite difference method has been reported to be an efficient way to analyze the behavior of energy piles, [8] , as it considers complexities arising from boundary conditions, thermohydro-mechanic loading, geometry, soil properties and so forth in solving equations that are related to thermo-hydro-mechanical problems. The model and its mesh discretization are presented in Figure 4 . As shown in this figure, except a 1 m dense sand overlain by a 1 m sandy fill along the shaft, rest of surrounding soil is unsaturated mostly sandstone. The boundary distances in horizontal and vertical directions, from shaft and pile tip are 10 m and 25 m in the axisymmetric model, respectively. Due to high stress gradients near the pile shaft, smaller mesh dimension were adopted around the pile (2525 cm within 5 m from the shaft) than those outside this zone. The Mohr-coulomb failure criterion was used for the geomaterial and a fully linear elastic behavior was considered for the energy pile. The properties of the materials used in this study are presented in Tables 1  and 2 . To analyze the thermal behavior of the energy pile, the pile was initially subjected to a vertical mechanical load of about 300 kN due to the dead weight of the building. The energy pile was then subjected to different cycles of temperature changes of ±19°C from an initial temperature of 10°C which is the reported mean ground temperature. Figure 5 shows the thermal loading path considered for the analysis. As shown in this figure, two subsequent cycles of heating and cooling were applied to the pile. During each cycle, the pile temperature was elevated to an average temperature of 29°C from a ground temperature in 500 h and then decreased to the ground temperature in 1200 h. 
Results
Figures 6 and 7 demonstrate the results of the analyses in terms of thermal axial strain (Fig. 6a) and stress (Fig. 6b ) against depth during heating and cooling cycles, respectively. The filed measurements reported by [12] , were also presented in these two figure for comparison purposes. As can be observed, the model provided profiles of stress and strain very similar to in-situ trends at different temperatures. Based on the results presented in these figures, the thermal axial strains became more negative with temperature increase, indicating the expansion of the pile during heating. While during cooling cycles, the thermal axial strains were reduced, showing a contraction trend in the pile. The thermal axial strain profiles of both in-situ and numerical analyses have relatively consistent shapes at different temperatures. As a result of soil-structure interaction, due to the mobilization of shear resistance along sides of the foundation, a nonlinear distribution in thermal strain was observed with depth similar to reports from [2] and [14] . The thermal axial strain profiles showed an initial decrease in magnitude with depth to a depth of about 9 m (the location of the null point), followed by axial strain increase at greater depths. The thermal axial stress experienced an initial increase with depth to a maximum value at a depth of 8-10 (the null point). The stress appeared to decrease at greater depths. The same trends for axial strain and stress with depth were observed during both heating and cooling cycles. Thermally induced displacements of the energy pile during heating and cooling cycles are shown in Figure 8 . Based on results presented in this figure, for depths above the null point, the pile would experience an upward movement during heating with an uplift in the surface, while the lower part of the pile would experience expansion with a downward movement. During cooling, the behavior was totally different. The energy pile tends to contract above the null point and upper portions of the pile were moving downward while lower parts were moving upward resulting in settlement of the surface. Additionally, as observed in Figure 9 , the magnitudes of vertical displacement decreases during the second cycles of heating and cooling. Figure 9 provides the mobilized side shear stresses measured along the soil-pile interface for different cycles of heating and cooling. During the heating cycle, at upper part of the pile lower magnitudes of shear stress were observed while at lower part, higher shear stresses were mobilized. Side shear stresses during the cooling cycle show significantly lower values. The point at which the sign of the mobilized side shear stress changes, shows the location of the null point where the axial thermal stress and strain are maximum and minimum respectively. 
Parametric evaluation
A parametric evaluation was performed in this study to explore the effect of head-structure stiffness and soil properties on the behavior of an energy pile. The impact of overlying structure was investigated by applying vertical loads, p, with different magnitudes to the pile head, and the stiffness of the surrounding soil was assessed through changing soil's Young modulus, E, of the sandstone layer. 
Effect of different head loading conditions on pile behavior
The impact of head loading condition on the response of energy piles was investigated in this study by performing an evaluation process of four different values of vertical load. Results of the evaluation process are presented in Figure 10 . In this figure, the data points represent the measured in-situ data for a pile without a vertical load and the dashed lines are the predicted stress/strain values.
As presented in this figure, by increasing the vertical load applied to the pile head, a larger thermal axial stress was observed at the top of the pile, while the profiles of strain shifted to the left. The rate of changes in the thermal axial stresses and strains with the load of overlying structure was also different through the depth.
For the values of p of 0 to 1200 kN, axial strain at the pile head would range from -250 to -110 με, while no change would happen at the toe where the behavior was mostly controlled by the stiffness of the underlying soil. Based on the results of numerical modeling, the maximum thermal axial stress for the pile that was subjected to p=1200 kN was about 6.8 MPa which was in good agreement with the value of 6.45 MPa reported by [16] . It is clear from this figure that the null point moved upward as the head restraint was increased.
Effect of surrounding soil stiffness on pile behavior
Results for axial stress and strain are presented in Figure  11 for different values of Young's modulus of the surrounding soil (36 MPa, 180 MPa, and 900 MPa). As observed in this figure, the resistance of the surrounding soil may have a significant influence on the distribution of the thermal axial stress and strain profiles which is almost similar to the effect of overlying structure. As the value of the Young's modulus of the soil increased, higher thermal axial stress and lower thermal axial strain were observed.
Conclusion
Energy piles are important elements since they function as load-bearing elements while they are capable of providing thermal energy for buildings. Heating and cooling cycles due to seasonal fluctuations in temperature, weight of the overlying structure, and stiffness of the surrounding soil play important role in affecting the thermo-mechanical behavior of energy piles.
A numerical simulation was conducted using finite difference method to investigate the thermo-mechanical behavior of the energy piles. The study considered different conditions for temperature, head-restraint, and soil stiffness to provide a comprehensive understanding of the factors affecting the pile response. The results of the study proved that, heating and cooling cycles significantly affect the distribution of thermal axial stress and strain. Also during heating cycle, the pile was observed to expand and surface uplift was observed, while during cooling cycle the surface settled due to contraction of the pile. The measured deformations were lower in second cycles of heating and cooling. The study also indicated that the effect of the overlying structure and the surrounding soil stiffness are similar. Increasing the weight of the structure and stiffness of the soil results in higher values for thermal axial stress and lower values for thermal axial strain. The results of the numerical study was completely in agreement with the observed response of a case study energy pile at the US Air Force Academy (USAFA) in Colorado Springs, CO.
